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The vibrational energy dependence, H and D atom isotope effects, and the mass effects in the energy
transfer between rare gas atoms and highly vibrationally excited naphthalene in the triplet state were
investigated using crossed-beam/time-sliced velocity-map ion imaging at various translational
collision energies. Increase of vibrational energy from 16 194 to 18 922 cm−1 does not make a
significant difference in energy transfer. The energy transfer properties also remain the same when
H atoms in naphthalene are replaced by D atoms, indicating that the high vibrational frequency
modes do not play important roles in energy transfer. They are not important in supercollisions
either. However, as the Kr atoms are replaced by Xe atoms, the shapes of energy transfer probability
density functions change. The probabilities for large translation to vibration/rotation energy transfer
T→VR and large vibration to translation energy transfer V→T decrease. High energy tails in
the backward scatterings disappear, and the probability for very large vibration to translation energy
transfer such as supercollisions also decreases. © 2008 American Institute of Physics.
DOI: 10.1063/1.2868753
I. INTRODUCTION
The collision dynamics of gas-phase molecules with
high levels of internal energy are a key feature in many im-
portant chemical processes, such as unimolecular reactions
and atmospheric photochemistry. In thermal unimolecular re-
actions, the energies needed for reaction are accumulated via
collisions with bath atoms or molecules, whereas in recom-
bination reactions and various photochemical processes, col-
lisions can stabilize these highly excited intermediate
species.
Early gas-phase experiments from unimolecular rate co-
efficients in the low-pressure and falloff regions indicated
that average energy transfer in each collision is very small.1
Recently, experimental techniques have been developed to
measure fundamental energy transfer properties of highly vi-
brationally excited polyatomic molecules directly. They con-
firmed the suggestion from unimolecular reaction rate
measurement.2,3 Despite the wealth of energy transfer studies
of highly vibrationally excited molecules, most experiments
yield averaged quantities such as the first and second mo-
ments i.e., E and E2 of PE ,E. Only scarce infor-
mation on the collisional energy transfer probability density
function PE ,E was provided experimentally.4–13 Conse-
quently, this is a major bottleneck in these experiments. Ex-
periments that provide for a direct determination of PE ,E
as a function of E are needed for a more complete under-
standing of energy transfer processes.
In the past few years, extensive classical trajectory cal-
culation has been performed in the collisional energy transfer
of highly vibrationally excited molecules.14–26 The calcula-
tion indicates how the energy transferred per collision de-
pends on the internal energy of polyatomic molecules, on the
intermolecular potential, on the mass of the bath, on the du-
ration of collision, on the minimal distance of approach, on
the relative velocity, on the vibrational modes, and on the
rotation of polyatomic molecules. The calculations also pro-
vide the energy transfer probability density function directly.
Some experimental results are available for comparison with
the calculations. For example, experiments using transient
UV absorption and IR emission techniques demonstrated the
internal energy dependence of average transferred
energy.27–32 The vibration energy relaxation of azulene by
He, Ne, Ar, Kr, and Xe in a thermal system showed the mass
effects, the average energy transfer of which increases from
He, Ne, and Ar to Kr but levels off from Kr to Xe.27,31
Collisional deactivation of highly vibrationally excited gas-
phase toluene, toluene-d8, benzene, and benzene-d6 investi-
gated by Toselli and Barker demonstrated that the deutera-
tion effects in average energy transfer is small.33
Recently, our crossed-beam experiments provide another
alternative experimental observation for comparison with the
calculations.34–38 The advantages of the crossed-beam ex-
periments are that collisions are controlled to occur under a
specific initial conditions, i.e., under single collision condi-
tions at a given collision energy and at very low rotational
temperature 2 K. The energy transfer probability density
functions are obtained directly from the measurement. In-
stead of the average over thermal velocity distribution and
rotational distribution, calculations in such specific condi-
tions are more sensitive to any adjustable parameter when
they are compared to the crossed-beam experimental
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results.39–41 Therefore, the comparison provides the opportu-
nity to understand the details of the energy transfer mecha-
nism. In this work, we investigated the mass effects, H and D
atom isotope effects, and the vibrational energy dependence
in the energy transfer between Kr and Xe atoms and highly
vibrationally excited naphthalene in the triplet state using
crossed-beam techniques.
II. EXPERIMENT
The details of the experiment have been described in
previous studies.33–37,42,43 Only a brief description is de-
scribed here. The experimental apparatus included a pulsed
UV laser set at 248 or 266 nm, one VUV laser at 157 nm, a
differentially pumped crossed molecular beam vacuum
chamber, and a time-of-flight mass spectrometer with a time-
sliced velocity-map ion imaging system. The rotationally
cold naphthalene molecular beam was formed by flowing
carrier gas at a pressure of 2850 Torr through a reservoir
filled with naphthalene at 340 K. Carrier gases included
ultrapure 99.999% Kr, Ar, Ne, He, or the mixtures of these
gases for the different collision energies. The mixture of
naphthalene and carrier gas was then expanded through a
nozzle maintained at the temperature of 400 K to form a
rotationally cold naphthalene beam. After passing two skim-
mers and entering into the main chamber, naphthalene mol-
ecules in the molecular beam were excited to the S2 state by
UV photons. Most naphthalene molecules 93% become
highly vibrationally excited in the triplet state after intersys-
tem crossing.44–47 About 20–30 s after photoexcitation,
these highly vibrationally excited naphthalene in the triplet
state flew into the collision region and collided with gas
atoms from an atomic beam. The nozzle for the atomic beam
maintained at 450 K to avoid clusters. The scattered naph-
thalene molecules were then ionized by 157 nm photons and
the velocity distributions of these naphthalene cations were
measured by a time-sliced velocity-map ion imaging system.
Note that the 157 nm photon energy is only large enough to
ionize naphthalene in the triplet state. It is not large enough
to ionize the unexcited naphthalene or the naphthalene in the
ground state after internal conversion.
From the conservation of linear momentum in the
center-of-mass frame, once the naphthalene final velocity is
measured, we can obtain the final velocity of the correspond-
ing scattered atom. From both final velocities, the total final
translational energy can be calculated. In addition, the initial
velocity distributions of both naphthalene and atomic beams
are very narrow and well defined, as listed in Table I; thus we
can obtain the initial total translational energy from the mo-
lecular beam velocities. The initial internal energy is the UV
photon energy, which is also known precisely. Since we
know the initial translational energy Etrans, initial internal en-
ergy Eint, and final translational energy Etrans , the final inter-
nal energy, and therefore the amount of transferred energy,
can be obtained from the conservation of total energy, Eint
+Etrans=Eint +Etrans .
III. RESULTS AND DISCUSSION
Since the details of data analysis have been described in
a previous study, only the final results are presented here.
A. Vibrational energy dependence
Figure 1 shows the angular resolved energy transfer
probability density functions of naphthalene excited by 266
and 248 nm at three different collision energies. For each
wavelength at each collision energy, the angular resolved
probability density function double differential cross section
with respect to solid angle  and transferred energy E was
normalized so that d2 /ddEddE=1. The vibra-
tional energy changes from 16 194 to 18 922 cm−1 as the
pump wavelength changes from 266 to 248 nm. However,
the shapes and magnitudes of the density functions for trans-
lation T→vibration/rotation VR up collisions as well as
vibration V→ translation T down collisions are almost
identical at these two wavelengths. In addition, we paid spe-
cial attention on the high energy tails of the density func-
tions. As shown in Figs. 1c, 1f, and 1i, the probability of
large energy transfer, such as supercollisions, does not
change with the pump wavelength.
In Fig. 1, the total cross section was normalized to be 1
separately for each wavelength so that we can compare the
shapes of energy transfer probability density functions for
different vibrational energies. In order to compare the ratio
of absolute magnitudes of the energy transfer probability
density functions without normalization, the curves in Fig. 1
need to be scaled so that the area under each curve is pro-
portional to the relative absolute total collision cross sec-
tions. The ion image intensity Simage is proportional to the
absolute total collision cross section coll, intensity of rare
gas beam, Irare, intensity of naphthalene in the triplet state,
TABLE I. Velocity uncertainties and speed ratios of naphthalene molecular beam. Vx and Vy are the full widths at half maximum of the naphthalene
velocity distribution in the x and y directions, respectively. Vnap is the naphthalene velocity in the laboratory frame, Unap is the naphthalene velocity in the
center-of-mass frame, V= Vx+Vy /2, Ecoll is the uncertainty of collision energy, and Ecoll=EcollV /Unap.
Ecoll cm−1
a 105b 422b 585b 847b 564d8b 853d8b 463c 891c 1005c
Vx pixel 0.9 2.9 2.0 4.0 2.6 2.4 1.4 3.5 3.4
Vy pixel 1.7 2.8 2.6 5.6 3.1 5.8 1.4 3.6 47
Vnap /V 63 29 51 23 33 23 54 33 26
Unap /V 14.5 13 18.7 11 15 12.5 31 17 16
Ecoll cm−1 7 32 31 77 38 68 15 52 63
aCollision energy.
bCollision with Kr.
cCollision with Xe.
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Inap*, the ionization cross section of naphthalene in the triplet
state by 157 nm photons, 157 and the 157 nm laser intensity
I157:
Simage IrareInap*coll157I157. 1
Inap* is proportional to the naphthalene molecular beam in-
tensity, UV absorption cross section, and UV laser intensity.
In addition to the measurement of ion image intensity when
excited naphthalene collided with rate gases, we also mea-
sured the naphthalene ion intensity without rare gas atomic
beam. The naphthalene ion intensity measured in such con-
ditions is simply proportional to the naphthalene in the triplet
state, ionization cross section at 157 nm, and 157 nm laser
intensity:
Sion Inap*157I157. 2
Combine Eqs. 1 and 2, the absolute total collision cross
section can be expressed by the following equation:
coll
Simage
Sion
1
Irare
. 3
These equations show that UV laser intensity, UV absorption
cross section, VUV laser intensity, and VUV ionization cross
section are all combined into a simple measurement, i.e.,
Sion. This largely reduced the uncertainty in the measurement
of each parameter. The ratio of absolute total cross sections
at 266 and 248 nm can be expressed by the following equa-
tion:
r =
coll248 nm
coll266 nm
=
Simage248 nm
Sion248 nm
Simage266 nm
Sion266 nm
Irare266 nm
Irare248 nm
. 4
During the experimental measurement for different UV
wavelengths, we kept the rare gas atomic beam operated un-
der the same conditions. The UV laser beam positions, beam
sizes, and delay times for different wavelengths also re-
mained the same. Meanwhile, we measured the ion image
intensity Simage and ion intensity Sion for different UV wave-
length alternatively at least five times. The result shows that
FIG. 1. Angular resolved energy transfer probability density functions double differential cross section with respect to solid angle and transferred energy of
naphthalene excited by 266 and 248 nm in collisions with Kr at various collision energies. Thick black line, thin black line, and dot black line represent near
forward, sideway, and backward density functions excited by 248 nm; thick gray line, thin gray line, and dot gray line represent near forward, sideway, and
backward density functions excited by 266 nm. The first column represents the up collisions T→VR energy transfer; the second column represents the down
collisions V→T energy transfer. The third column shows the region of maximum down collisions V→T energy transfer. The density functions at each
collision energy for each pump wavelength are normalized separately so that d2 /ddEddE=1. In each plot, the density functions for 266 and
248 nm are plotted in the same scale.
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the ratio of absolute total collision cross sections for Kr and
naphthalene excited by 248 and 266 nm photons is
1.020.04. As a result, we can conclude that naphthalene
molecules with vibrational energies of 16 194 and
18 922 cm−1 not only have the same shapes of energy trans-
fer probability density functions but also have the same total
cross sections within our experimental uncertainty.
B. H and D atom isotope effects
Naphthalene-h8 and naphthalene-d8 were studied in or-
der to investigate the roles of high vibrational frequency
modes in energy transfer. Figure 2 shows the energy transfer
probability density functions for two collision energies when
the pump wavelength was set at 248 nm. They were also
normalized at each collision energy for naphthalene-h8 and
naphthalene-d8, respectively. Except for a small difference in
the backward and sideway scatterings, as shown in Figs. 2a
and 2d, all the other probability density functions are very
similar. The results suggest that the high vibrational fre-
quency modes do not play an important role in the energy
transfer. They do not have significant contribution in the su-
percollisions either.
The energy transfer probability density functions shown
in Fig. 2 are normalized individually. They are useful when
we compare the shapes of the density functions. In order to
compare the relative magnitudes of the absolute collision
cross sections, a similar method described in the previous
section was used to obtain the relative total collision cross
sections. Here, naphthalene and naphthalene-d8 were mixed
in the same molecular beam. The measurements were per-
formed by changing the mass gate of time of flight between
m /z=128 for naphthalene-h8 and m /z=136 for naphthalene-
d8 alternatively. The result shows that the ratio of absolute
total collision cross sections for naphthalene-h8 and
naphthalene-h8 is 1.00.1. Consequently, we can conclude
that naphthalene-h8 and naphthalene-d8 not only have the
same energy transfer probability density functions but also
have the same total cross sections.
The deuteration effects of toluene-d8 and benzene-d6
have been investigated by Toselli and Barker using time-
resolved infrared fluorescence techniques.33 They showed
that the effects in the average energy transfer are small, but
no details of the effects in the energy transfer density func-
tions or on the supercollisions have been measured. On the
other hand, the classical trajectory study on Xe colliding
with highly excited azulene by Clarke et al. shows that the
rare supercollisions occur when a hydrogen atom is com-
pressed between the bath gas and part or all of the carbon
framework.48 This produces a strong repulsion between the
Xe and H as the relative coordinate is driven high up the
repulsive wall. If vibrational phases or rotation of the sub-
strate framework are such that the bath gas and substrate
separate during this compression, the final energy transfer is
large. This kind of mechanism must closely relate to the C–H
stretches. However, in this study, we showed that the deu-
teration has no effects in the energy transfer probability den-
sity functions. They are not important in supercollisions ei-
ther. This is consistent with most of the theory that only the
low vibrational frequency modes are important in energy
transfer and supercollisions.
FIG. 2. Angular resolved energy transfer probability density functions for naphthalene-h8 and naphthalene-d8 in collisions with Kr at two collision energies.
Thick black line, thin black line, and black dot line represent near forward, sideway, and backward density functions for naphthalene-d8; thick gray line, thin
gray line, and gray dot line represent near forward, sideway, and backward density functions for naphthalene-h8. Collision energies are 564 and 585 cm−1 for
naphthalene-d8 and naphthalene-h8, respectively, in a–c; they are 853 and 848 cm−1 for d8-naphthalene and h8-naphthalene, respectively, in d–f. The first
column represents the up collisions T→VR energy transfer; the second column represents the down collisions V→T energy transfer. The third column shows
the region of maximum down collisions V→T energy transfer. Both naphthalene-d8 and naphthalene-d8 are excited by 248 nm photons. The density functions
at each collision energy are normalized so that d2 /ddEddE=1. In each plot, naphthalene-d8 and naphthalene-h8 are plotted in the same scale.
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C. Mass effects
Average energy transfer of highly vibrationally excited
molecules changes as the bath atoms change from He, Ne,
and Ar to Kr and Xe. This so-called mass effect has been
studied in a thermal system.27,32,44–46 For example, in the
energy relaxation of highly vibrationally excited azulene, it
has been shown that the average energy transfer is small for
bath gas He. However, it increases rapidly for bath gases Ne
and Ar. The increase from Ar to Kr is small, and then the
value does not change or slightly decreases from Kr to
Xe.27,31 Similar phenomena were also observed from the
highly vibrationally excited toluene49 and cycloheptatriene.50
Various energy transfer models were proposed to explain the
“level-off effects:” the curves that average energy transfers
are plotted versus mass show increase from He to Kr and
then level off for the heavy atoms such that E for Xe is
equal or less than that of Kr.
Figure 3 shows the angular resolved energy transfer
probability density functions for naphthalene in collisions
with Xe. In general, these distributions share many similar
characteristics with the distributions in collisions with Kr.
However, some differences were also observed. First, the
maximum values of V→T energy transfer are smaller than
those in collisions with Kr at the same collision energy. For
example, the maximum values for V→T energy transfer al-
most reach 2000 and 3000 cm−1 in the collisions with Kr at
collision energies of 421 and 847 cm−1, respectively. Both
backward and forward scatterings have contribution in the
large V→T energy transfer. However, the maximum values
decrease a little in collisions with Xe at the same collision
energies. In addition, only the forward scatterings make the
major contribution in large V→T energy transfer. The high
energy tails in the backward scatterings disappear when Kr is
replaced by Xe. Second, the shapes of sideway and backward
scatterings for T→VR energy transfer are very similar in the
collisions with Kr, but they are very different in the colli-
sions with Xe. Finally, only small differences are found in
the shapes of total energy transfer probability density func-
tions. The total energy transfer probability density functions
for Xe, as shown in Fig. 4, were obtained directly from the
summation of the probability distribution functions at the
FIG. 3. Angular resolved energy transfer probability density functions of naphthalene excited by 266 nm in collisions with Xe at various collision energies.
Thick black line, thin black line, and gray line represent near forward, sideway, and backward probability density functions. The first column represents the
up collisions T→VR energy transfer; the second column represents the down collisions V→T energy transfer. The third column shows the region of
maximum down collisions V→T energy transfer. The density functions at each collision energy are normalized separately so that d2 /ddEddE=1.
FIG. 4. Energy transfer probability density functions in collisions with Xe at
various collision energies. Thin black line: 463 cm−1; gray line: 891 cm−1;
thick black line: 1005 cm−1. Negative values represent down collisions
V→T energy transfer and positive values represent up collisions T→VR
energy transfer. The density functions at each collision energy are normal-
ized separately so that d /dEdE=1.
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various scattering angles. A small portion of the image in the
forward direction was blocked by the stainless steel pin 
10° and Eu350 cm−1 and Ed400 cm−1. Linear
extrapolation was made from large scattering angles to this
region. Since the angle outside the blocked forward region,
i.e., 	10°, also has contribution in the energy transfer
regions Eu350 cm−1 and Ed400 cm−1, the extrapola-
tion for the small portion in forward scatterings only in-
creases the probability by 10%–20% in the small energy
transfer region. The increase is the difference between the
intensity zero and the intensity from linear extrapolation in
the blocked forward region. Even though the actual distribu-
tion maybe different from the linear extrapolation, the
change of density function due to the difference from linear
extrapolation is not likely to be larger than the difference
between values of zero and linear extrapolation. As a result,
Fig. 4 provides reliable probability density functions. Com-
pared to those density functions in collisions with Kr, we
found that the major difference is in the region of small
energy transfer. However, this is the region where linear ex-
trapolation was made.
In principle, the relative total cross sections between Kr
and Xe can be obtained from the method described above. In
reality, since Kr and Xe have different beam velocity distri-
butions, it is difficult to have the same time-dependent
atomic beam intensity distributions for Kr and Xe. As a re-
sult, we are not able to obtain the ratio of total cross sections
between Kr and Xe.
In conclusion, we demonstrated that the increase of vi-
brational energy from 16 194 to 18 922 cm−1 does not make
a significant difference in energy transfer. The energy trans-
fer properties also remain the same when H atoms in naph-
thalene are replaced by D atoms, indicating that the high
vibrational frequency modes do not play important roles in
the energy transfer. They are not important in supercollisions
either. However, as Kr atoms are replaced by Xe atoms, dif-
ferences were observed. The changes include the decrease of
the probabilities for large V→T energy transfer in the back-
ward direction and the values of maximum V→T energy
transfer.
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